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ABSTRACT 

This paper reports a new fabrication process that 
utilizes nickel-refilled trenches to achieve passive 
temperature compensation in fused silica. Using this 
scheme, piezoelectrically actuated fused silica resonators are 
demonstrated with a temperature coefficient of frequency 
(TCF) of +50.28 ppm/K (reduced from +77.65 ppm/K) and 
quality factors of over 5,000. Additionally, a higher 
frequency mode at 16 MHz shows a TCF of +21.84 ppm/K 
(reduced from +71.94 ppm/K). This compensation method 
can be extended to actuate a compensated and an 
uncompensated mode of the same device, allowing for a 
temperature-stable dual-mode frequency reference. This is 
the first time that passive temperature compensation has 
been shown for fused silica micro-mechanical resonators. 
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INTRODUCTION 

Microelectromechanical resonators have seen a surge of 
interest over the past twenty years as they strive to replace 
quartz frequency references with smaller and cheaper 
micromachined alternatives. While silicon-based resonators 
have seen commercial success in industrial applications [1], 
further improvements can be made in the realm of resonator 
ovenization. By using thermal control to maintain a constant 
reference frequency, ultra-stable timing references can be 
created at a fraction of the power, size, and weight of 
currently available quartz devices. 

Fused silica is an appealing material for resonators due 
to its extremely low internal loss [2, 3] and low 
thermoelastic damping due to its minimal thermal expansion 
coefficient. Additionally, the low thermal conductivity of 
fused silica allows for low-power ovenization while its low 
thermal expansion coefficient allows for robust single-
material packaging. These advantageous material properties 
make fused silica an excellent choice for ovenized timing 
references. 

Previous investigation of fused silica resonators 
demonstrated capacitive [4] and piezoelectric resonators [5] 
with excellent performance, but suffered from extremely 
large temperature drifts of +90 ppm/K, almost three times 
that of uncompensated silicon. A fused silica ovenized 
platform was demonstrated [6], showing a substantial 
decrease in temperature sensitivity of output frequency but 
suffered from temperature gradients between the fused silica 

frequency reference and the resistive temperature detector, 
resulting in frequency errors. In order to address both these 
shortcomings and allow for ultra-stable ovenized fused 
silica resonators, this paper reports on a passive temperature 
compensation process for piezoelectric fused silica 
resonators. Additionally, preliminary results on a dual-mode 
resonator with varying temperature sensitivity are presented. 

 
TEMPERATURE COMPENSATED FUSED 
SILICA RESONATORS 
 
Temperature Compensation 

In order to minimize temperature sensitivity of a 
resonator it is critical to address its temperature coefficient 
of frequency (TCF). Similar to passive temperature 
compensation in silicon, temperature compensation in fused 
silica can be achieved by utilizing materials with an 
opposite temperature coefficient of elasticity (TCE) value.  

For example, an excellent material choice for passive 
compensation in silicon is silicon dioxide. Silicon dioxide 
has a large positive TCE (+180 ppm/K) [5] than can offset 
the negative TCE (-64 ppm/K) [7] of silicon and is easy to 
deposit and pattern. The addition of blanket oxide on a 
silicon resonator can reduce the overall TCF, but has been 
shown to negatively impact the quality factor (Q) [8]. To 
minimize potential Q loss, an alternate method of passive 
temperature compensation has been developed that involves 
placing compensation material in regions of high stress on 
the resonator body [9]. Regions of high stress are more 
sensitive to compensation, allowing for more efficient TCF 
compensation per unit volume of the compensation material. 
This compensation method lowers the amount of 
compensation material required, minimizing Q degradation 
and simplifying fabrication issues associated with large 
amounts of deposited materials. 

Fused silica, possessing similar material parameters to 
deposited silicon dioxide, has a large positive TCE of +180 
ppm/K. In order to avoid using a prohibitively large amount 
of compensation material, it is essential to find a 
compensation material with a very large negative TCE 
value, such as some metals. Previously reported efforts to 
reduce the TCE of glass-blown resonators show that 
multiple micrometers of blanket-deposited titanium are 
required for complete compensation [10], which can have a 
large negative effect on the device performance. In order to 
minimize the amount of compensation material used, a high 
negative TCE metal coupled with high-stress region 
material placement is necessary for such fused silica 
devices. Nickel is a promising material for this application 
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due to literature demonstrated TCE values between -1600 
ppm/K [11] and -450 ppm/K [12], a low internal loss as 
compared to other metals [3, 13], and ease of electroplating 
in large volumes with controllable stress [12].  

 
Figure 1: Sketch and simulated mode shapes for a 
fundamental radial extensional mode of the 50 μm thick 
dogbone resonator. The nickel trench depth was chosen to 
be 30 μm, with two chosen trench widths of 35 μm and 20 
μm. The simulations assume a nickel TCE of -600 ppm/K. 

 

Figure 2: Simulated TCF results for dogbone resonators 
with varied compensation trench sizes. Starred data points 
are the selected trench depth/width combinations for the 
fabricated resonators. Nickel is assumed to have a TCE of -
600 ppm/K. 
 

In this work, AlN-on-silica dogbone resonators [5] are 
temperature compensated through the use of nickel-refilled 
trenches. Trenches are etched into the resonator body and 
refilled using nickel electroplating, effectively creating 
embedded nickel regions in the resonator. Two different 
widths and depths of the compensation trench were chosen 
to overcompensate and undercompensate the fundamental 
radial extensional mode, giving a simulated TCF of -4.4 
ppm/K for a 35 μm wide trench and +45 ppm/K for a 20 μm 

wide trench. These simulations assume a nickel TCE of -
600 ppm/K. The dogbone resonator dimensions with a 
simulated mode shape and TCF is shown in Fig. 1, while the 
TCF for various nickel-refilled trench dimensions is 
outlined in Fig. 2. The chosen dimensions were picked to 
over and undercompensate the fabricated devices to cover a 
wider range of potential nickel TCE values. 

 
Device Fabrication  

The fabrication process of the passively compensated 
AlN-on-silica resonators is outlined in Fig 3. The process 
begins with a 375 μm thick Corning 7980 fused silica wafer. 
The wafer is etched using a fused silica DRIE process to 
define the compensation trenches. A 300 Å titanium and 
5000 Å thick gold seed layer is then deposited. The seed 
layer is sputter deposited to ensure full sidewall coverage of 
the high aspect ratio compensation trenches. Next, low-
stress nickel electroplating is performed to refill the 
compensation trench. The trench is slightly overplated to 
ensure total refill and then polished back using mechanical 
lapping to planarize the surface. 

 
Figure 3: Fabrication flow for compensated fused silica 
resonators. 
 

After the compensation trenches are planarized, the 
piezoelectric stack is deposited and patterned. A 100 Å/1000 
Å thick Ti/Pt ground layer is sputtered to ensure high 
quality AlN growth. Next, 1 μm of AlN is sputtered as the 
piezoelectric material. Finally, 100 Å/1000 Å thick Ti/Au 
layer is deposited to serve as the top metal layer for 
actuation.  The wafer is then flipped and bonded to a fused 
silica carrier wafer using polymer bonding. The wafer is 
then thinned using a combination of mechanical lapping a 
chemical-mechanical polishing (CMP) to a final device 
thickness of 50 μm. A second fused silica DRIE is 
performed on the backside of the wafer to define the 
resonator contour and is then released from the carrier using 
a solvent. A scanning electron microscope (SEM) image of 
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the fabricated resonator is presented in Fig. 4, including a 
cross-section SEM image of a nickel-refilled trench, 
demonstrating complete trench refill. Due to fabrication 
non-idealities during the nickel planarization stage, some 
over-etch of the fused silica surface occurred, decreasing the 
nickel trench depth to 20 μm from the designed 30 μm. 
Additionally, a large amount of surface roughness was 
introduced to the fused silica surface during lapping, 
negatively affecting the quality of the AlN deposition and 
reducing the piezoelectric coupling of the device. These 
issues can be addressed through process adjustments and 
will be corrected in future fabrication runs. 

 

 
Figure 4:  (Left) A SEM image of a fabricated temperature 
compensated dogbone resonator. (Top right) A zoomed 
SEM image of a dogbone ring with nickel compensation 
trench outlined in the center of the ring. (Bottom right) A 
cross-section SEM image of a nickel-refilled trench with a 
measured depth of 20 μm.  
 
MEASURED DEVICE RESULTS 

Three types of dogbone resonators are measured and 
presented in this work. The first design is a fully 
compensated resonator with the nickel-refilled trench 
dimensions outlined in Fig. 1. The second design utilizes the 
undercompensated trench dimensions also seen in Fig. 1. 
The third design has no nickel-refilled compensation trench 
and is presented as a reference for performance comparison. 

 
Figure 5:  S-parameter response and measured parameters 
for a compensated, undercompensated, and uncompensated 
dogbone in the fundamental radial extensional mode. 
Background image shows the simulated mode shape. 

Piezoelectric-on-Silica Resonator Response 
The S-parameter responses of the fabricated 

temperature compensated dogbone resonators were 
measured using a VNA in a probe station at a pressure less 
than 10 mTorr. The fundamental radial extensional mode 
responses for compensated, undercompensated, and 
uncompensated resonators are presented in Fig. 5. 

It can be seen that the measured results of the 
uncompensated mode do not match the performance seen in 
earlier generations of the dogbone resonator [5]. While the 
addition of nickel as a compensation material can reduce the 
measured Q of a device, some portion of this difference can 
be traced back to poor piezoelectric coupling of the AlN 
film due to deposition on a large surface roughness from the 
fused silica substrate. Process optimization of the nickel 
lapping and planarization process will result in a smoother 
surface and eliminate this coupling issue, significantly 
improving the performance.  

 
TCF of Resonators 
 The TCF of the fabricated resonators were measured 
using a VNA at a pressure less than 10 mTorr. 
Measurements at five temperature points were taken 
between 200 K (-73°C) to 320 K (47°C) and linearly fitted 
to extract a first-order TCF with a standard fitting error. The 
measured TCF values for each of the three dogbone designs 
are shown in Fig. 6.  
 The measured TCF results show a substantial difference 
between the simulated fundamental radial extensional mode 
TCF of -4.4 ppm/K and the measured TCF of +50.3 ppm/K. 
A portion of this difference between simulation and 
measured results can be attributed to the smaller-than-
designed trench depth for the nickel-refilled trench, but 
cannot fully explain the difference. This remaining 
difference can be attributed to the difference between the 
estimated nickel TCE and the fabricated nickel TCE. By 
determining the nickel trench dimensions through SEM-
based measurements it is possible to fit the TCE of nickel to 
fabricated device performance. A fitting of the nickel TCE 
gives a TCE of -100 ppm/K, substantially smaller than the 
initial estimates reported in literature. Adjusting the device 
design accordingly will allow for much more accurate TCF 
compensation for future devices. 
 Besides the fundamental radial extensional mode, a 
second, higher frequency mode at 16 MHz was measured 
that exhibited a substantially different TCF. The TCF for 
both of these modes are compared alongside their measured 
S-parameters in Fig. 7. The 16 MHz mode is significant due 
to a significant increase in compensation over the 
fundamental radial extensional mode, from a TCF of +50.3 
ppm/K for the fundamental radial extensional mode to a 
TCF of +21.8 ppm/K for the higher frequency 16 MHz 
mode. This is a 28.4 ppm/K difference in TCF between the 
two modes, almost as much as the equivalent TCE of 
uncompensated silicon. This significant difference in TCF 
between the two modes allows for applications in dual-
mode resonators. By utilizing one highly compensated mode 
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as a timing reference and the high-TCF mode for 
temperature sensing, residual temperature gradients on an 
ovenized device can be eliminated by sharing the same 
device volume for the timing reference and the temperature 
sensor.  
 This demonstration of two separate modes with 
significantly different TCFs on the same resonator body is 
an important first step in achieving a highly accurate, small 
form factor ovenized system.  Future work will involve 
demonstrating a fully compensated resonant mode and 
further investigation of alternate device modes with 
different TCF values to achieve dual-mode operation on a 
single resonator volume. 

 
Figure 6:  Measured TCF data for the uncompensated 

dogbone design.  

 
Figure 7:  Measured TCF data comparing a compensated 

fundamental radial extensional mode with a higher 

frequency mode. A 28.5 ppm/K difference in TCF is seen 

between the two modes. Insets show the measured S-

parameter response for each mode. 

 
CONCLUSION 
 This work demonstrates a new fabrication method to 
passively compensate AlN-on-silica resonators. By utilizing 
nickel-refilled trenches in regions of high stress, the TCF of 
a dogbone resonator in the fundamental radial extensional 
mode is reduced from +77.6 ppm/K ppm/K to +50.3 ppm/K. 

Simultaneously, a second mode on the same device 
demonstrates a substantially larger TCF shift, decreasing the 
TCF from +71.9 ppm/K to just +21.8 ppm/K. The difference 
between the two modes creates a TCF gap of 28.4 ppm, 
suggesting the possibility of dual-mode operation on the 
same device volume for use in ovenized frequency reference 
systems.  
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